Fossil insects in amber are often preserved with life-like fidelity and provide a unique insight to forest ecosystems of the geological past. Baltic amber has been studied for more than 300 years but despite the large number of described fossil species (ca. 3500 arthropods) and abundance of fossil material, few attempts have been made to try and quantify statistically how well we understand the palaeodiversity of this remarkable Fossil-Lagerstätte. Indeed, diversity estimation is a relatively immature field in palaeontology. Ants (Hymenoptera: Formicidae) are a common component of the amber palaeobiota, with more than 100 described species representing approximately 5% of all inclusions encountered. Here we apply quantitative statistical species richness estimation techniques to Baltic amber data for the first time. We use species level data from a sample size of 12 769 specimens and conclude that around 29% of the Baltic amber ant fauna has yet to be discovered. The species richness accumulation curve clearly reaches its asymptote at around 9650 specimens, indicating this as the minimum sample size required for a reasonable estimate of species richness for ants alone. Hence, it is hardly surprising that previous studies concerning so-called "representative" samples of the entire palaeobiota, consisting of at most a few thousand inclusions do not agree with each other. Nonetheless, we demonstrate that it is possible to apply quantitative techniques to amber derived data and this should be the preferred approach wherever possible, rather than generating qualitative conclusions of little value for comparative purposes.
Introduction
Amber is fossilized tree resin renowned for preserving an immense diversity of fossil arthropods with life-like fidelity (Penney 2010; Penney and Jepson 2014) . Quantifying this palaeodiversity is as much a fundamental necessity for understanding the nature of fossil ecosystems, as is quantifying biodiversity for extant organisms to understand the world we live in today. Yet our knowledge in this regard is extremely limited and indeed, diversity estimation is a relatively immature field in palaeontology (Huang et al. 2014) . It is possible to conduct large-scale quantitative palaeoecological investigations of amber faunas (e.g., Penney 2002 Penney , 2005 Penney and Langan 2006) , but in many cases such investigations are generally hindered by lack of data conducive to statistical analysis. This is rather absurd given that Baltic amber has been studied for almost 300 years (Wichard and Grevin 2009) , has approximately 3500 species of arthropods described from it (Weitschat and Wichard 2010) , and is still being extracted from the ground in considerable quantities. For example, it has been estimated that approximately 510 tonnes of amber were extracted in the Baltic region during the year 2000 and that approximately two million (a very crude estimate) new inclusions from Baltic amber alone should be available for study each year (e.g., Clark 2010). Indeed, Klebs recognized the need for quantifying the palaeodiversity of amber inclusions at the turn of the twentieth century (Klebs 1910) . Klebs (1910) investigated an unsorted Baltic amber sample of 200 kg directly from the mine and documented a total of 13 877 inclusions, but these were identified only to order. In a similar study, Sontag (2003) investigated an "unsorted" Baltic amber sample of 42 kg, documenting 7079 arthropods, again identified mainly to order. However, Zherikhin and Eskov (2006) considered Sontag's (2003) samples to have been "pre-selected" in favour of larger pieces, and hence not truly representative. Additional studies comparing so-called "representative" samples as baseline palaeodiversity datasets, including for other deposits such as Bitterfeld (Germany) and Rovno (Ukraine) ambers (often considered to be the same as Baltic amber, e.g., Szwedo and Sontag 2013) , include Hoffeins and Hoffeins (2004) and Perkovsky et al. (2007) . None of these studies produced any conclusive quantitative results. Zherikhin and Eskov (2006) sampled unsorted amber samples in situ at a Baltic amber mine, identified 1312 inclusions to suborder/family level and compared their assemblage to known museum collections. They summarized their conclusions as three main points: (i) so-called representative (i.e., non-pre-selected, unbiased) samples can differ from one another for reasons currently unknown; (ii) generalized higher rank (e.g., order) taxonomic lists are of low comparative value; (iii) lower rank indicator taxa (e.g., genera and species) are more likely to be useful for comparative purposes.
So-called "representative" or unbiased (through lack of pre-selection) samples reported in the literature to date no doubt differ as a result of insufficient sample sizes, so cannot really be considered as representative. However, this is difficult to assess in published studies because most have merely compared percentage values, without any data rarefaction or weighting to account for different sample sizes. Even for very large amber samples the absence of a particular taxon does not necessarily reflect its non-existence in the original amber forest (e.g., when comparing "representative" samples from contemporaneous lo-calities, such as Rovno and Baltic) because it is impossible to prove such a negative and this is particularly true for rare taxa.
There is no obvious reason why it should not be possible to calculate what an appropriate "representative" sample size should be by sampling unsorted amber inclusions and generating species accumulation curves for the entire fauna and/or for individual taxonomic groups (e.g., species within families). Dlussky and Rasnitsyn (2009) compared the ant faunas in European Eocene ambers. They found a continuing linear increase in numbers of new species encountered in collections of 1500 specimens or less, concluding that the asymptote would not be approached until significantly larger collections were examined, but this issue was not considered further. Here, we reanalyse these data using extrapolative statistical techniques to predict the total species richness of the Baltic amber ant fauna and use our results to consider why previous comparisons of so-called "representative samples" have not yielded any satisfactory results to date.
Abbreviations.-ACE, abundance coverage-based richness estimate; CI, 95% confidence intervals; CV, Chao's estimated coefficient of variation for abundance distribution.
Methods
There are a variety of powerful techniques for modelling species accumulation curves and for estimating total species richness (e.g., Colwell et al. 2004; Chao et al. 2009; Colwell 2013) , including standard software packages that also produce indicators of variance and confidence limits as measures of reliability. We used EstimateS by Colwell (2013) to generate the Chao 1 richness estimate based on the Baltic amber ant data of Dlussky and Rasnitsyn (2009: (Diptera), males and females are often encountered and usually cannot be matched confidently to the same species. The predicted species richness estimates were calculated using Colwell (2013) set at the default parameters and using type 3 data entry (individual-based abundance data).
In addition to the Chao 1 richness estimate with corresponding 95% confidence intervals, EstimateS concurrently produces an abundance coverage-based richness estimate (ACE). Chao 1 is a universally valid lower bound estimator of species richness and can be applied to any species abundance distribution and any sample size. In general, it is more reliable as a richness indicator if the sample size is sufficiently large. A rough guideline for "sufficient" sample size is that the estimated sample completeness should be at least 50%. For Chao 1, this means the proportion of singletons should be less than 50%, which is the case for the data analyzed here. Because Chao's CV for abundance distribution was >0.5 the analyses were re-computed with the Chao 1 parameter set at the classic, instead of bias-converted, option in the diversity settings. Using these settings the largest value (ACE vs Chao 1) is considered to be the best approximation. The data were exported and graphs generated using Microsoft Excel and R.
Results
The Chao 1 richness estimate was slightly higher than the ACE (Fig. 1) . Chao 1 had an asymptote value of 167.44 and 95% confidence intervals of 140.43-226.98 with an analytical standard deviation of 20.78 (Fig. 2) . The input and output data are provided as Supplementary Online Material available at http:// app.pan.pl/SOM/app59-Penney_Preziosi_SOM.pdf. 
Discussion
This is the first attempt at producing a statistical richness estimate based on a very large amber dataset at the species level. Regardless of the CIs and the slightly high standard deviation, there can be no doubt that what appears to be a reliable asymptote has been reached. Hence, although our sample size could still warrant being slightly larger, this is a reasonably good approximation and suggests that around 29% of the Baltic amber ant fauna has yet to be discovered. This does not seem unreasonable given the large number of singletons (species known from one individual) in the original dataset (see Dlussky and Rasnitsyn 2009: table 2) . Indeed, new Baltic amber ant species have been described since their data were compiled (e.g., Dlussky 2010; Radchenko and Dlussky 2013) . Remember, this is a lower bound estimate for ant species richness in Baltic amber not ant species richness in the amber forest, which would have been significantly greater, although how much so is impossible to speculate on at present.
The species richness accumulation curve clearly reaches its asymptote at around 9650 specimens, indicating this as the minimum sample size required for a reasonable estimate of species richness in this instance. Taking ants as representing approximately 5% of all Baltic amber inclusions (LaPolla et al. 2013) and that the asymptote in the above analysis was not reached until 9650 inclusions, it follows (very crudely but based on the only reasonable analysis available) that the minimum number of inclusions for estimating the richness of total arthropod palaeodiversity in Baltic amber may be in the region of 193 000. Hence, it is hardly surprising that previous studies concerning so-called representative samples of at most a few thousand inclusions do not agree with each other.
Conclusions
Unbiased (without pre-selection) amber collections referred to in the published literature are too small to be truly representative of the palaeobiota and so should be used with caution. Just as neontologists use quantitative techniques to address large (and small) scale ecological questions with respect to the modern insect fauna, in order to address topical issues such as changes in biodiversity as a result of habitat loss, climate change, etc., we believe a similar approach using large palaeoentomological datasets, such as those found in amber, can be used to investigate changes over geological timescales. Here, we demonstrate for the first time that it is possible to apply quantitative richness estimation techniques to amber derived data and conclude that this should be the preferred approach wherever possible, rather than generating qualitative conclusions of little value for comparative purposes.
